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A B S T R A C T
Here we challenge traditional views on the direction of change in teleost body condition and reproductive traits
in response to abiotic and biotic factors by studying the data-rich, planktivorous Norwegian spring-spawning
herring (NSSH), a member of the abundant Atlantic herring (Clupea harengus) stock complex. To test potential
influential factors, we focused on the last twenty years, i.e. a period with ocean warming, a transient but sig-
nificant drop in zooplankton biomass, and accelerating interspecific competition resulting from primarily
Atlantic mackerel (Scomber scombrus) entering these high-latitude waters in large quantities, “the new mackerel
era” in the Nordic Seas. Adult NSSH concurrently allocated relatively less to growth in length than weight
resulting in higher body condition. Growth likely decreased in warmer waters under stiff prey competition to
support reproductive costs. Condition and reproductive responses were not only immediate but were also lagged
by three seasons, corresponding to the period when new oocytes are produced. Furthermore, fecundity increased
in warmer waters while egg size dropped. Hence, fine-tuned trade-offmechanisms were apparent and varied. We
demonstrate that evaluations of reproductive trade-offs based on pooled data are misleading; poor- and good-
condition NSSH followed different reproductive trajectories. These findings emphasize difficult-to-predict trends
in life-history traits should be tracked longitudinally by the individuals and their aggregate cohort, as they are
linked to complex overarching environmental phenomena, like ecosystem carrying capacity and climate fluc-
tuations.
1. Introduction
Life-history characteristics, the evolution of which is driven by
competitive interactions and environmental conditions, determine the
amount of resources allocated to different physiological activities
(Ricklefs and Wikelski, 2002). These features therefore induce trade-
offs between body growth, length of migration, reproduction, and
mortality patterns (Stearns, 1989, 1992; Wootton, 1992; McBride et al.,
2015). Resources are mainly allocated to body growth before sexual
maturation, after which, investment is heavily directed towards
reproduction (Ware, 1982; Chapman et al., 2011; Rijnsdorp et al., 2015;
Irgens et al., 2019). Under favorable environmental conditions, re-
sources are in surplus, growth is fast, and energy is divided between
body growth and reproductive costs (Stearns, 1992). However, when
food becomes scarce, energy will not be allocated the same way
(Wootton, 1990; Arendt, 1997) and investment tends to be more to-
wards reproduction than body growth, even though this may affect
adult survival rate (Stearns, 1992; Ware, 1982). Reproductive activities,
including the onset of the reproductive cycle, degree of reproductive
investment, and the decision to abort gametogenesis, are influenced by
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body reserves (Rideout et al., 2005; Kennedy et al., 2011a; Pellerin
et al., 2016). The optimum body condition is characterized by the
amount of energy available for reproductive investment and the
amount saved for post-spawning somatic activity and growth
(Rijnsdorp, 1990). An individual must therefore “choose” between
maintaining body size and adjusting relatively costly gamete produc-
tion (Roff, 1982; van Noordwijk and Jong, 1986).
The planktivorous teleost Norwegian spring-spawning herring
(Clupea harengus) (NSSH) is considered ideal to investigate the possible
scope for plasticity in reproductive and somatic allocations under
naturally fluctuating or changing high-latitude conditions (Sundby
et al., 2016). NSSH has adapted a life-history strategy where adults
make extensive migrations between oceanic feeding, overwintering,
and coastal spawning areas (Dragesund et al., 1980, 1997). Winter
survival and capital breeding depend on feeding success during the
relatively short summer season, after which zooplankton (prey) be-
comes inaccessible by descending to overwintering depths (Holst et al.,
2004). Consequently, several life-history traits of this long-lived (for
Clupeids) species (expected maximum age > 20 years) exhibit distinct
fluctuations related to body energetics (dos Santos Schmidt et al.,
2017).
NSSH is one of the largest commercial fish stocks in the world and
has been targeted by man for centuries (ICES, 2017) (Fig. 1a). Stock size
has fluctuated markedly over time. Several factors, including over-
exploitation, cooler seawater temperatures, and a series of poor year
classes, caused the stock to collapse in the late 1960s, but strict man-
agement resulted in a gradual rebuilding (Dragesund et al., 1997;
Toresen and Østvedt, 2000). Over the period of stock collapse and re-
covery, plasticity was observed in body growth and age at first maturity
(from 5 to 6 years during the collapse to 3–4 years during the recovery
period) (Toresen, 1990; Engelhard and Heino, 2004), and stock re-
productive potential represented by total egg production (varying by
three orders of magnitude) (Ndjaula et al., 2010).
Strong interspecific competition can influence energy allocation
patterns in NSSH. In addition to herring, two large planktivorous
stocks, blue whiting (Micromesistius poutassou) (BW) and Northeast
Atlantic mackerel (Scomber scombrus) (NEAM), are also present in the
Norwegian Sea and adjacent waters (Huse et al., 2012a; ICES, 2017)
(Fig. 1a). During the last two decades (1994–2014), the spawning stock
biomass (SSB) of BW varied, while SSB of NEAM has, until recently,
steadily increased (ICES, 2017) (Fig. 1a). The summer distribution of
NEAM expanded north- and westwards, likely due to a combined re-
sponse to ocean warming and increasing stock size (Astthorsson et al.,
2012; Nøttestad et al., 2016; Olafsdottir et al., 2019), which increased
the amount of spatial overlap with NSSH in the summer feeding areas.
Competition for food between these three planktivorous species is well
documented, including both type of prey (Langøy et al., 2012; Bachiller
et al., 2016; Óskarsson et al., 2016), consumption rate (Bachiller et al.,
2018), and spatial overlap (Huse et al., 2012b; Utne and Huse, 2012).
Interspecific competition is presumed to be highest between NSSH and
NEAM because they feed upon the same plankton species, mainly the
dominant copepod Calanus finmarchicus (Bachiller et al., 2016). Total
zooplankton biomass in the area has declined as the biomass of these
planktivorous species increased (Huse et al., 2012a; ICES, 2015a)
(Fig. 1).
Finally, the overall rise in temperature (Fig. 1b) may have affected
both physiological processes (e.g. timing and frequency of spawning,
Óskarsson and Taggart 2009; Somarakis et al., 2018), prey composition
and distribution (Beaugrand et al., 2009; Alvarez-Fernandez et al.,
2012), and altered trophic networks (Stenseth et al., 2002; Johannesen
et al., 2012). Regarding temperature, an increase will accelerate me-
tabolic demands, but also growth rate, provided food is in surplus and
ambient temperature is below the physiological optimum (Brett, 1979;
Freitas et al., 2010). In contrast, higher temperatures combined with
reduced access to food due to stronger competition should result in
especially poor habitat conditions for ectotherms like NSSH.
Therefore, a changing climate and competitive environment, cou-
pled with the effects of increased predation on limited prey resources,
also influenced by changing temperature conditions (Toresen and
Østvedt, 2000; Huse et al., 2012a; IPCC, 2014), should affect energy
allocation patterns. Consequently, we hypothesized that energy allo-
cation patterns in NSSH were changed by these stressors (Fig. 1), i.e.
affected body growth, condition, and reproductive investment. These
changes had systematic, but unexpected, trade-offs in oocyte (egg) size
and fecundity.
2. Materials and methods
2.1. Herring time series data
NSSH biometric statistics collected between 1994 and 2014 were
extracted from the Institute of Marine Research (IMR) research survey
and commercial sampling data bases (Table S1). Data were from two
periods: early overwintering (October – November), which is the time
of peak body condition and includes the start of fasting period (Slotte,
1999b), and the prespawning period (February), when fish use the re-
maining stored energy before releasing the gametes (dos Santos
Schmidt et al., 2017). Body energy declines between these periods,
especially during the spawning migration, where losses can be up to
50% of the remaining energy (Slotte, 1999b).
2.2. Body growth and condition metrics
NSSH males and females were previously pooled in studies on body
growth and condition (Engelhard and Heino, 2004) but were analysed
Fig. 1. Trends in pelagic fish stock sizes and environmental conditions in the
Norwegian Sea, 1994–2014. (a) Spawning stock biomass of Norwegian spring-
spawning herring (NSSH), Northeast Atlantic mackerel (NEAM), blue whiting
(BW), and summed spawning stock biomass for all three stocks, and (b) average
environmental temperature and total zooplankton biomass.
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separately here to examine any differences in gonadal allocation pat-
terns by sex, particularly during the overwintering period (Slotte et al.,
2000). Maturity was classified based on eight macroscopic gonadal
stages: 1–2, immature; 3–5, maturing and mature; 6, spawning (run-
ning); 7, spent; and 8, resting (Mjanger et al., 2006). Fish of all maturity
stages, except immature, were considered for the early overwintering
period, whereas stages 4 and 5 fish were considered as “prespawning”.
For females, stage 4 refers to “the eggs can be seen distinctly and feel
like grains; eggs beginning to become transparent” while for stage 5
“most of the eggs are transparent” (Mjanger et al., 2006). Stage 5 was
especially in focus in this study because this stage reflects maximum
gonad mass prior to any milt or egg release. Total length (“length”; TL;
nearest 0.5 cm), whole body weight (“weight”; W; nearest 1 g), age in
years (read from scales) (ICES, 2015b), and gonad weight (GW; nearest
1 g) were used to create the following body growth and condition
metrics: length- and weight-at-age, cohort growth, weight-at-length,
and gonad weight-at-age. Cohort body growth was estimated as the
difference between average length- or weight-at-age 7 and 4, for co-
horts between 1990 and 2007:
Cohort growth in length7y−4y (cm) = Length-at-age 7(t) − Length-at-
age 4(t−3)
Cohort growth in weight7y−4y (g) = Weight-at-age 7(t) − Weight-at-age
4(t−3)
where t is the cohort year; older ages were not included because metrics
at these ages overlapped and fewer observations were available (Fig. 2).
2.3. Reproductive investment metrics
Changes in reproductive investment were modelled based on fluc-
tuations in ovary and testes weight (Table S1). Preliminary investiga-
tions indicated no trends existed in mean length- and age-at-50% ma-
turity (p > 0.05 in all cases) (Fig. S1). Therefore, the size and age of
sexually mature fish were restricted to TL ≥ 27 cm and age ≥ 4 years
(Engelhard and Heino, 2004; Beverton et al., 2004) (Fig. S1). Any
further investigation of plasticity in maturation traits (Engelhard and
Heino, 2004; Roff et al., 2006) was considered beyond the scope of this
study.
To track temporal changes in gonadal development, determined by
the trade-off between fecundity and oocyte size, coverage was ex-
panded by several years and over additional months by including pre-
viously published information (Óskarsson et al., 2002; Kurita et al.,
2003; Kennedy et al., 2011b; dos Santos Schmidt et al., 2017). Timing
of sampling varied in these studies, but in general, covered the onset of
new reproductive cycle until the spawning period, i.e. from May to
February in the next year (see also Table S2). The 1st May was set as the
preliminary start for formation of secondary oocyte growth (cortical
alveoli formation followed by true vitellogenesis) (Brown-Peterson
et al., 2011; Lowerre-Barbieri et al., 2011), which was later corrected
by extrapolation to indicate when cortical alveoli (> 240 µm) was
present in the samples (see below).
The gonadosomatic index (GSIS) was used to demonstrate the in-
vestment in gonad size during the maturation cycle:
= × −GSI OW W OW100 ( ),S
where OW denotes ovary weight and the denominator is somatic
(ovary-free) body weight. Fulton’s condition (K; K = 100 × W/TL3)
was used to demonstrate the interannual variation in relative fecundity
according to the fish condition, where K < 0.7 indicated fish were in
poor condition and K > 0.7 were fish in good condition (Óskarsson
et al., 2002).
Oocyte size was determined from samples by first preserving a small
(“fingernail size”) subsample of ovarian tissue in 3.6% phosphate-buf-
fered formaldehyde for at least two weeks. Diameters of 100 developing
oocytes (starting from cortical alveoli stage until hydration) per female
were measured and the mean (OD, in µm) estimated (Thorsen and
Kjesbu, 2001). Potential fecundity (FP) was estimated by
FP = OW × 7.474 × 1010 × OD–2.584 (r2 = 0.96, p < 0.001) (dos
Fig. 2. Trends in body growth of Norwegian spring-spawning herring in the
period 1994–2014. (a) Total length-at-age and (b) whole body weight-at-age
(mean ± 95% coefficient interval; CI) during the early overwintering period
(October–November) for individuals of both sexes, aged 4–10 years. Ages 4 and
7 were used in cohort growth analyses, connecting here these two data point
series by separate lines to emphasize trends. CIs were removed for< 5 in-
dividuals. (c) Growth dynamics of single cohorts of Norwegian spring-spawning
herring (1990–2007), expressed as the difference in size between age 4 and age
7 years measured for overwintering individuals (males and females combined).
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Santos Schmidt et al., 2017), following oocyte packing density theory
(Kurita and Kjesbu, 2009) and using automated methodology (Thorsen
and Kjesbu, 2001). Relative length-based fecundity (RFP,TL3) was given
as RFP,TL3 = 100 × FP/(TL3) (dos Santos Schmidt et al., 2017). Cubic
total length was used as the denominator rather than traditional mea-
sures of body mass to avoid inflated fecundity values for poor-condition
individuals.
Because we were interested in comparing “egg sizes”, represented
by oocyte diameter at the fully hydrated stage (ODHO), across seasons,
we had to compensate for the changes in oocyte diameter during the
final maturation phase through natural swelling (Kurita et al., 2003). A
correction factor (1.14) was estimated using data from February 1999,
which contained a mixture of hydrated (u; uncorrected) and late vi-
tellogenic oocytes (Kurita et al., 2003: see their Table 1). This value was
then used to convert late vitellogenic oocyte sizes to hydrated sizes (c;
corrected) for data from 1997, 1999, and 2006 – 2008. The 2014
samples included only hydrated oocytes (u), therefore no correction
was applied. Examinations of macroscopic maturity stages across sea-
sons (February – mid-March) clarified that the examined females were
in a spawning capable phase (Brown-Peterson et al., 2011) (Fig. S2). As
a supplemental information, oocyte size was also given directly as mean
oocyte wet weight (in mg), estimated as 1000 × OW/FP, and thereafter
compared with OD.
The physiological effect of environmental temperature (T) on daily
Fig. 3. GAM plots from the Norwegian spring-spawning herring cohort growth in length model. Data are combined for both sexes during overwintering
(October–November) in 1994–2011. Variables are organized according to the deviance explained (Table S5). In all panels, thick lines are the smoother and thin lines
are 95% CIs. Symbol size is related to the number of observations collected for each cohort.
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oocyte growth rate (ROD) was evaluated by the Q10-law (Schmidt-
Nielsen, 1983), where data included the studies described above. ROD
was calculated by: (1) estimation of the individual increase in OD from
the entrance to secondary growth (SG) (referring to the cortical alveoli
stage, set at 240 µm for all individuals; Ma et al., 1998) to the observed
late vitellogenic stage, i.e. close to the end of SG, but before any change
in diameter due to water uptake; (2) estimating of ROD,mean for a given
single reproductive cycle (Ganias et al., 2011), i.e. average OD growth
divided by the number of days between the starting date, given by
extrapolation of the statistical relationship between OD and number of
days since 1 April (see Results), and day of sampling; (3) estimation of
the Q10-value:
=
−Q (R R ) ,10 OD,2,mean OD,1,mean 10 (T T )2,mean 1,mean
where ROD,2,mean and T2,mean are matching daily oocyte growth rate and
temperature pairs while ROD,1,mean and T1,mean are the reference values,
i.e. T1,mean representing values from the cooler periods (years 1996,
1997, and 1998) (Fig. 1b); and (4) simulation of ROD as a general
function of T:
= × −R R (Q̄ (T T ) 10),OD,2 OD,1,mean 10 2 1,mean
where Q̄10 is the average Q10-value for 1996, 1997, and 1998, and T2
the highest mean temperature recorded over the studied years.
Fig. 4. GAM plots from the Norwegian spring-spawning herring cohort growth in weight model. Data are combined for both sexes during overwintering
(October–November) in 1994–2011. Variables are organized according to the deviance explained (Table S5). Thick line is the smoother (a–d) or the regression line
(e), and thin lines are 95% CIs. Symbol size is related to the number of observations collected for each cohort.
T.C. dos Santos Schmidt, et al. Progress in Oceanography 181 (2020) 102257
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2.4. External stressors
The ICES (International Council for the Exploration of the Sea) stock
assessments provide data on SSB of NSSH, NEAM, and BW (1994–2014)
(ICES, 2017) (Fig. 1a). Estimates of SSB were used as metrics of po-
tential inter- and intraspecific competition, where higher biomasses
indicted greater potential for competition for resources. Total biomass
was not used as an indicator of competition because only sexually
mature fish for all three stocks are generally found in the Norwegian
Sea (Skjoldal et al., 2004; Huse et al., 2012a).
Habitat conditions within the Norwegian Sea were inferred from
annual temperature data, averaged from the Svinøy hydrographical
section (62°22′N, 4°40′E – 67°43′N, 10°52′W), 50–200 m depth,
1994–2014 (IMR data) (Fig. 1b). This cross-section of the Norwegian
Basin reflects the main feeding areas for the three pelagic stocks
(Bachiller et al., 2016) and characterises the Atlantic water inflow
(Blindheim, 2004; Mork and Skagseth, 2010). Atlantic water represents
the area with highest abundance of zooplankton, mainly Calanus fin-
marchicus and euphausiids (Melle et al., 2004), the main food items of
these three fish stocks (Bachiller et al., 2016).
Time series detailing preferred prey were not available, hence total
zooplankton biomass was used to provide an index of potential food
availability. Zooplankton dry weight (average biomass from May) from
the Norwegian Sea (1995–2014) was extracted from ICES (2015a)
(Fig. 1b).
2.5. Statistical analyses
Data for cohort growth analyses were standardized to a mean of 0
and standard deviation of 1 because of the wide range of values could
influence the model selection. All covariates were estimated as the
mean value experienced by a particular cohort as they progressed from
age 4 to age 7 years (Fig. S3). Month (October or November) was in-
cluded to determine whether growth was affected by time of arrival at
the overwintering grounds and/or length of fasting (ICES, 2015a;
Homrum et al., 2016; ICES, 2016). Because the temporal trends were
non-linear, generalized additive models (GAM, R package mgcv; Wood,
2011) were used to determine which factors affected cohort growth
(p < 0.05). GAMs have the additional advantage of being powerful
tools for handling data that are collinear, as these data were, but only
up to a certain level of collinearity, if the collinear structure does not
change (Dormann et al., 2013), and if concurvity is not present
(Amodio et al., 2014). Collinearity was high (-0.9 to 0.7) and concurvity
indices for all terms except month ranged, in the full model, from 0.4 to
1 (Table S3), which meant that selection using multivariate GAMs was
problematic. Concurvity can complicate statistical interpretation by
causing the parameter estimates to become sensitive to e.g. the order of
input into the model, the effect of predictors may be enhanced or
suppressed depending on the strength and type of correlation
(Tomaschek et al., 2018). The importance of individual terms was in-
vestigated using a double penalty approach, which penalizes the null
space in addition to the data range space (Marra and Wood, 2011), a
generalized cross-validation (GCV) smoothness selection, and back-
wards selection of terms after inspecting each model for concurvity
(Wood, 2006) (Supplementary Information); terms with high con-
curvity (> 0.5) were not used in the same model (Table S3). No sig-
nificant autocorrelation was apparent (Table S4).
A partial linear regression (PLR) model, with an identity link
function and Gaussian distribution, was used to determine the re-
lationship between environmental factors and overwintering body
condition, and between overwintering and prior to spawning re-
productive investment for the most data rich length classes (TL = 32,
34, and 36 cm; October – November and February). Data, weight-at-
length (classified as body condition) and gonad weight-at-length (i.e.,
reproductive investment), were standardized to a mean of 0 and stan-
dard deviation of 1. The focus was on whether these environmental
factors could be shown to influence investment, not to predict future
investment given these factors. PLR models were used because of the
high multicollinearity between explanatory variables, following the
methodology of Legendre and Legendre (1998), where the partitioning
effect of each parameter was considered.
The number of individuals was included as weighting factor in each
model because sampling was uneven, i.e., data from cohorts that had
fewer measurements were given less weight than cohorts that had more
data.
For the prespawning period, biotic and abiotic factors were lagged
by one year because this relates to the period of gonadal development
(May–February, Kurita et al., 2003). When investigating final egg
production of NSSH, lags of 0 and 3 years were included for the over-
wintering period, and of 1 and 4 years for the prespawning period. Fish
condition in the period leading up to spawning influences the amount of
reproductive material produced (see Discussion).
A power function was used to relate OW with mean OD within
years, while the relationship between FP and OW was described using a
linear model. ANCOVA and a posteriori Tukey test were used to test for
OW-specific differences in FP and OD among years.
All plots and statistical analyses were performed by using R (version
3.5.2; www.r-project.org).
Fig. 5. Trends in body condition of overwintering and prespawning Norwegian
spring-spawning herring in the period 1994– 2014. (a) Weight-at-length
(mean ± 95% CI) of overwintering individuals (29 ≤ TL ≤ 36 cm) and,
correspondingly, (b) prior to spawning. CIs were removed for< 5 individuals.
Data for males and females were combined.




Little evidence existed for compensatory growth in length; if the
length-at-age of a given cohort was less than average early on, it did not
appear to compensate for this later, e.g. individuals aged 4 in 1996 and
2008 were still the shortest in the series at age 7 in 1999 and 2011
(Fig. 2a). This effect was less pronounced in weight-at-age (Fig. 2b), but
fish that were smallest in length at age 4 in 1996 and 2008 were among
those that increased the most in body weight. After 2010, the difference
in body size between younger and older age classes, represented by 4-
and 7-year-olds, became less pronounced (Fig. 2a, b). Growth rates in
both length and weight typically decreased after age 7, resulting in
comparable body sizes for older ages, especially from 2011 onwards
(Fig. 2a, b).
Cohort growth in length and weight showed different trends
(Fig. 2c). The 18 tracked NSSH cohorts (1990–2007) encountered dif-
ferent living conditions: average temperature varied by almost 1 °C, the
relative SSB of NSSH, NEAM, and BW combined increased by ~58%,
and zooplankton biomass declined by ~59% (Fig. S3). Significant
changes in both length and weight were apparent as fish moved into the
overwintering area (Table S5).
Cohort growth in both length and weight was significantly higher in
November than October. Because of this significant difference, smooth-
factor interactions were investigated for each covariate by month when
determining the effect of environmental factors on cohort growth
(Figs. 3 and 4, Table S5). Additionally, because of very high concurvity,
covariates could not be included in the same model (see Supplementary
Information) but had to be tested individually. At low and high zoo-
plankton anomalies, indicated by values either side of zero, fish that
were recorded later (November) were generally much larger than those
that recorded earlier (October) (Fig. 3a). At average zooplankton bio-
mass amounts, the opposite was apparent. While fish were, in general,
heavier in November, fish did not show much change in weight unless
zooplankton biomass was very low or very high (Fig. 4d).
Other clear patterns in cohort growth included the general negative
effect of increasing biomass of herring and blue whiting, especially
when their biomass was above average (Figs. 3c and d, 4a and b), and
the general negative effect of increasing mackerel biomass, but its effect
differed on growth in length and in weight, being the negative effect
more evident on growth in weight (Fig. 3e and 4e). Although most of
the data were collected during positive temperature anomalies, at least
cohort growth weight tended to increase as temperature warmed from
very low anomalies (Fig. 4c). Because each factor was tested in-
dividually with the GAMs and were affected by other parameters, as
indicated by the high concurvity estimates, some of the effects, such as
the increase in cohort weight with positive anomalies in herring and
blue whiting SSB, might be confounded by interactions between the
external factors (see also Fig. S4), or alternatively, might also be due
fluctuations in the carrying capacity of this Large Marine Ecosystem
(Fig. 1).
3.2. Individual body condition
Analyses on NSSH body condition revealed highly dynamic pat-
terns, with notable differences between the length classes, during both
overwintering and prior to spawning periods (Fig. 5). Weight-at-length
during the overwintering showed an increase from 2000 to 2011, then
it became more stable, especially for larger length classes (Fig. 5a). For
prior to spawning fish, weight for a given length was significant lower
after 1996 but increased after 2008 (Fig. 5b).
A large proportion of the changes in weight-at-length during the
overwintering for smaller individuals was explained by the investigated
Fig. 6. Interannual changes in overwintering and prespawning testes and ovary weight of Norwegian spring-spawning herring in the period 1994–2014, for fish at
32–36 cm. Gonad weight (mean ± 95% CI) at overwintering (October–November) for males (a) and females (b), and prior to spawning (February) for males (c) and
females (d). CIs were removed for < 5 individuals. Note that the y-axis scales differ between panels.
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factors (TL: 32 cm, deviance explained (DE): 42–46%; TL: 34–36 cm,
DE: 31–37%) (Table S6), but there was still a large amount left un-
explained, which indicated that causal mechanisms may have been
missed. Factors lagged of 3 years explained more of the observed
changes for the larger length classes. NEAM SSB, month, and zoo-
plankton biomass explained most of the changes, but shared effects
were common for all covariates (Table S6). Individuals sampled in
October had consistently greater weight for a given length than in
November. Preliminary investigation showed that the PLR models ex-
plained less than 10% of changes in weight-at-length prior to spawning
over the last 21 years (TL: 32 cm, DE: 5.29%; TL: 34 cm, DE: 7.86%; TL:
36 cm, DE: 9.95%; model output not shown), hence no further in-
vestigation was performed.
3.3. Gonad size
We found systematic fluctuations in gonad weight of this stock. For
both the overwintering and prespawning periods, testes and ovary size
declined to their lowest values towards the end of the 1990s, but then
increased back to or exceeding previously observed levels (Fig. 6). PLR
regression indicated that explanatory factors, including lags, explained
more of the patterns in gonad weight during overwintering
(DE = 31–55%) than prior to spawning (DE = 13–23%, Table S7).
Size-specific gonad weight was significantly different between sexes:
testes were heavier during overwintering, but ovaries were heavier
prior to spawning. Most of the change in gonad weight was explained
by changes in SSB of each one of the three planktivorous stocks; overall
gonads increased in size as stock size increased. Other factors were also
significant but explained less of the variability.
3.4. Reproductive trade-offs
Generally, a bigger maturing NSSH ovary as reported in February –
mid-March contained more oocytes, i.e. FP being a linear function of
OW (Fig. 7a, b), while the mean size of these oocytes (OD) also affected
OW positively but then in an allometric fashion (Fig. 7c, d). Both re-
lationships were significantly different for each year (p < 0.001),
except for OW vs. OD in 2014 (p = 0.225) characterized by high
variability in OW, but low variability in OD (Fig. 7c). Two years, 2014
and 2008, stood out; showed similar OWs (p = 0.612,
27 ≤ TL ≤ 40 cm, see also Fig. 6b, d), but notably different trends in
OW vs. FP and OD (Fig. 7, see also Table S8). This indicated that an
ovary approaching spawning could be comprised of either many oo-
cytes of small sizes (2008), or of few but consistently large oocytes
(2014). However, in the case of 2006, 2007, and 2008 a minor fraction
of the examined material consisted of females that apparently were not
prespawning but rather in a preceding developmental phase (OD <
≈1000 µm). An extremely tight relationship existed between OD and
mean oocyte wet weight (Fig. S5). For the latter parameter, the pre-
sence of ovarian stroma was, however, not accounted for.
Fig. 7. Links between Norwegian spring-spawning herring fecundity, oocyte size and ovary size. Plots of (a) potential fecundity (FP) versus ovary weight (OW), (b)
the respective linear curve fits, (c) OW versus mean oocyte diameter (OD), and (d) the respective allometric curve fits for years 1997, 1999, 2006–2008, and 2014.
Each dot represents an individual between 27 and 40 cm in total length. For annotations in panels (c) and (d), consult panels (a) and (b), respectively.
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Tracking studies within reproductive cycles evidenced that re-
productive traits could change over time in unlike fashions across cycles
(Fig. 8). GSIS grew from about 2–3% to 23–29% (Fig. 8a). Oocytes in
the 2013–2014 reproductive cycle were consistently the largest
throughout development (Fig. 8b). In contrast, FP for this cycle was
generally the lowest in the time series investigated (Fig. 8c), even after
standardizing for body size using relative length-based FP (RFP,TL3)
(Fig. 8d). The patterns seen in 1998–1999 resembled those of
2013–2014 in terms of fecundity and oocyte size development (see also
Fig. 7). Although those two cycles differed from the others studied, the
estimated degree of down-regulation, i.e. reduction of fecundity
through atresia, from July to February was higher in the 1998–1999
than in the 2013–2014 reproductive cycle (59 and 34%, respectively),
this difference is most likely due the small sample size in July 1998
(Table S2; n = 16). The respective down-regulation estimates for the
2006–2007 and 2007–2008 reproductive cycles were 52 and 44%.
Including additional oocyte development studies expanded the
spatio-temporal coverage, which showed that the appearance of cortical
alveoli oocytes varied by roughly one month (Fig. 9, Table S9). The
subsequent daily growth rate of developing oocytes (ROD) also varied
between years (p < 0.001; Table S10). The temperature regime had a
positive influence on ROD during the reproductive cycle (Ty−1) (Fig.
S6a) and estimated spawning time was typically earlier in relatively
warmer waters (Fig. S6b). Egg size, reported as hydrated oocyte dia-
meter (ODHO), were significantly larger in 1999 and 2014 (p < 0.001)
than in other years (Fig. S6c). The Q10 value in the 1998–1999
reproductive cycle was significantly higher (p < 0.001) than in the
other years (Table S10). A positive, but nonsignificant, correlation ex-
isted between ODHO and Q10 (p = 0.187).
Females prior to spawning were generally in good condition and
only ~ 10% (range 4.8% in 1997 – 25.6% in 1999) had a K below the
poor-condition threshold value of 0.7 (Fig. 10a) (Óskarsson et al. 2002).
Above this threshold (i.e. fish in good condition), size-specific fe-
cundity, represented by prespawning RFP,TL3, increased with increasing
K (p < 0.001) (Fig. 10a, Table S11). Condition level significantly in-
fluenced RFP,TL3 (p < 0.001) (Fig. 10a), ROD (p = 0.010), but not
ODHO (p = 0.065). Both ROD and ODHO were significantly negatively
related to prespawning RFP,TL3, indicating a clear trade-off between
these parameters (Fig. 10b, c and Fig. S11). Lagged temperature had a
significant effect on these reproductive parameters; warmer waters re-
sulted in higher prespawning RFP,TL3 (p < 0.001) and smaller ODHO
(p < 0.001) in the following year but did not affect ROD (p = 0.253)
(Fig. 10, Figs. S6 and S7, Tables S10 and S11). Because spawning timing
was a function of day of initiation of vitellogenesis and final egg size
(ODHO), increased ROD resulted in earlier spawning (Fig. 10d, Fig. S6a).
Spawning occurred within distinct segments of the spring (calendar day
~35–85) and was earlier in warmer than in cooler waters (p < 0.001)
(Fig. 10d).
In summation, NSSH females could apparently modify the egg dia-
meter by nearly 35%, from approximately 1150 to 1550 µm, in parallel
with an almost tenfold reduction in prespawning RFP,TL3, from about
235 to 25 cm−3, depending on body condition (K) and the
Fig. 8. Development in female Norwegian spring-spawning herring reproductive traits within and between seasons (1996–2014). Mean (± SD) of (a) somatic (ovary-
free) gonadosomatic index (GSIS), (b) oocyte diameter (OD), (c) potential fecundity (FP), and (d) relative length-based potential fecundity (RFP,TL3) throughout the
reproductive cycle of female≥ 32 cm, consulting previously published or own data (Table S2). Day represents the typical sampling day during each field survey. May
1st (Day 0) was assumed to reflect onset of secondary oocyte growth (see further refinements in Fig. 9).
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environmental conditions met during oogenesis (using Ty−1 as proxy).
4. Discussion
Norwegian spring-spawning herring (NSSH) showed phenotypic
plasticity in body growth, condition, and reproductive investment
during a period of changing abiotic and biotic conditions between 1994
and 2014. Theory states that for migrating animals showing in-
determinate body growth, increased body condition can be achieved
through either greater food (energy) intake or by reducing growth in
body length and diverting more of the available energy to body mass
(e.g. Stearns, 1992; Ware, 1982). The latter alternative is rarely con-
sidered in the teleost literature, at least not directly, but we found that
NSSH switch between both alternatives. This has been reported in
manipulated, experimental studies for herring (Ma et al., 1998) but has
not been reported in wild populations. Cold- (e.g. cod (Gadus morhua)
and herring) and warm-temperate (e.g. mackerel) teleosts have dif-
ferent strategies to cope with environmental stressors that modify adult
body metrics in different ways, and these strategies are often acclima-
tized to the local conditions (Huse et al., 2012b; Olafsdottir et al., 2016;
Sundby et al., 2016). Overall, we found that external stressors, re-
presented by SSBs of NSSH, NEAM, and BW, zooplankton biomass, and
annual temperature (including lag effects) played significant, but
complex roles in cohort growth, body condition (expressed as weight-
at-length), and gonad size (measured as gonad weight-at-length).
Plasticity in NSSH appears particularly well developed (e.g. Pörtner
and Farrell, 2008; Geffen, 2009). Investigations of physiological prin-
ciples underlying oocyte development and subsequent reproductive
trade-offs strengthened the impression of a high level of reproductive
plasticity in NSSH. Condition (K) values under 0.7 are decisively asso-
ciated with markedly increased levels of atresia in NSSH (Óskarsson
et al., 2002). The proportion of fish in poor condition varied both be-
tween years (Ndjaula et al., 2010; dos Santos Schmidt et al., 2017;
present analysis) and with latitude, where prespawning fish at higher
latitudes were more likely to be in poorer condition than fish at lower
latitudes (Óskarsson et al., 2016).
Fig. 9. Growth in oocyte diameter (OD) (mean ± SD) through the year for
distinct temporal periods, where estimated time of appearance of cortical al-
veoli oocytes (OD = 240 µm; Ma et al., 1998) is noted (box region). The onset
of secondary oocyte growth was defined per model outputs (Table S9); April 1st
was set as Day 0. Only fish ≥ 32 cm were considered, due the lower number of
observations for fish smaller than 32 cm.
Fig. 10. Reproductive trade-offs and factors influencing spawning time of fe-
male Norwegian spring-spawning herring. Mean (± standard deviation; SD) of
(a) length-specific fecundity (RFP,TL3) vs. Fulton’s condition factor (K), (b) daily
oocyte diameter growth rate (ROD) vs. RFP,TL3, (c) final (hydrated) oocyte dia-
meter (ODHO, assumed to correspond to “egg size”) vs. RFP,TL3 and (d) spawning
time vs. ROD over all seasons of the present reproductive study. The data were
thereafter split into those representing either individuals in poor condition
(K < 0.7) (open triangles) or good condition (K ≥ 0.7) (filled triangles) fol-
lowed by establishment of linear regression lines (with 95% CI) (a–c). Whether
the individual had stayed in relatively warmer (red triangle) or relatively colder
water masses (blue triangle) was indicated as an additional factor. In (c) the
letters u and c refer to measurements of hydrated oocytes (“uncorrected” dia-
meters) and late vitellogenic oocytes (“corrected” diameters), respectively; the
latter diameters were transformed to hydrated diameters by a correction factor
(see Material and methods). Note that body size dependency was incorporated
via RFP,TL3. Solid line represents the regression line for females in good con-
dition and dashed line for poor condition. To standardize further, only pre-
spawning females ≥ 32 cm were considered, because of lower number of fe-
males smaller than 32 cm.
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NSSH reproductive traits supported the notion of well-developed
plasticity, but also demonstrated that variation among years may
manifest early in the reproductive cycle (Figs. 8 and 9). NSSH exhibited
a clear trade-off between fecundity and egg size over the years. The
overall plasticity detected in NSSH indicated that females in good
condition should produce relatively high numbers of smaller eggs at a
slower oocyte growth rate (Fig. 11). The lower growth rate may in-
dicate delayed spawning time, also after taking into account any
“holding” of ovulated oocytes in the lumen prior to egg release
(Carolsfeld et al., 1996). In contrast, poor-condition females should
produce fewer, bigger eggs and spawn earlier (Fig. 11). This is in line
with general life-history theory stating that trade-offs between fe-
cundity and egg size are physiological mechanisms working at least
across species (e.g. Stearns, 1992). The production of bigger eggs by
poor-condition females may be a mechanism to increase offspring sur-
vival, often referred as “anticipatory maternal effects” (Marshall et al.,
2018). Nonetheless, these interpretations appear only partly relevant
for one sub-category of NSSH females, i.e. “trait-jumpers” (Fig. 11),
discussed below. The reason for this conflict is that different trajectories
are taken by adults, depending on their condition (Fig. 10a–c). Females
in good condition produce many, bigger eggs at a faster oocyte growth
rate and thus are classified as the “parametric winner” (Fig. 11). En-
ergetically speaking, this makes sense, because of the higher body (fat)
reserves in good condition females, which is an example of capital
breeder species (Slotte, 1999a; McBride et al., 2015). Hence, any signs
of trade-offs between fecundity and egg size become undetectable,
along with any anticipatory maternal effect, when the trait response
data are grouped by high and poor K rather than uncritically pooled
(Fig. 11). Furthermore, this grouped-by-K approach agrees with that the
reproductive investment should normally become greater with body
size (age) (Barneche et al., 2018), but also agrees with reports on
asymptotic body growth in this class of animal (see above), likely re-
lated to accelerated reproductive costs.
The models describing gonad weight, although informative re-
garding factors influencing reproductive investment, failed to pick up
major dynamics taking place within the ovary. This was because RFP,TL3
increased but ODHO decreased in warmer waters during the re-
productive cycle (Ty−1), while the reverse occurs at lower temperatures
(Fig. 10a–c). These opposite influences on ovary size effectively masked
any underlying trends in RFP,TL3 and ODHO. The presently noticed in-
fluence of temperature raises concerns regarding further anthropogenic
climate change (IPCC, 2014; Keenlyside et al., 2008), but Ty−1 may also
be a proxy for a series of related abiotic and biotic processes not spe-
cifically investigated in the current study, particularly because tem-
perature is easily measurable whereas the true mechanistic factor may
not be so (Rijnsdorp et al., 2009; Sundby et al., 2016). Physiologically
speaking, the increase in RFP,TL3 in warmer water because of intensified
early oocyte recruitment is logical, especially in NSSH where the oocyte
recruitment activity is limited to late spring/early summer due to the
clear determinate fecundity style (dos Santos Schmidt et al., 2017).
Thus, when the ocean warms, the initial production (proliferation) of
oocytes outcompetes the reabsorption of oocytes through atresia, de-
spite the latter process also being accelerated (Kjesbu, 2016). On the
other hand, the presence of larger eggs during cooler temperatures is
consistent with studies that show more energy is available to oocyte
growth due to lower energy costs of e.g. body maintenance (Marshall
et al., 2018). Thus, any proper evaluation of trade-offs between fe-
cundity and egg size cannot be detached from environmental signals.
The analyses in this study were undertaken within an historical warm
period (Kjesbu et al., 2014) and data from contrasting cool periods (e.g.
late 1960s to early 1980s, Drinkwater, 2009) were missing or highly
limited (dos Santos Schmidt et al., 2017). Because of the lack of con-
trast, the effect of the included factors may have been underestimated.
We believe that the overall picture regarding reproductive trade-offs
in NSSH was distorted by the underlying trends in K (Fig. 11); however,
a sub-group exists that does not fit, otherwise known as “trait-jumpers”.
Trait-jumpers are represented by individuals from the spawning seasons
of 1999 and 2014, all in current good condition, but which exhibit the
lowest RFP,TL3 (dos Santos Schmidt et al., 2017) along with most likely
the largest ODHO (Fig. 11). Mechanistically speaking, the large ODHO
for 2014 seems to relate to an early start of the reproductive cycle
(Fig. 9) but a normal spawning time (Fig. S6b) resulting in more time to
oocyte growth (van Damme et al., 2009), whereas for 1999 this may be
explained by the observation that the oocyte growth rate was sig-
nificantly higher than in the other examined reproductive cycles (Table
S10). The fundamental processes underlying these findings are yet
Fig. 11. Flow diagram outlining three perceived
scenarios for reproductive trait responses in pre-
spawning, female Norwegian spring-spawning her-
ring as a function of body condition (K) under en-
vironmental fluctuations, depending on the degree of
data resolution. The data were successively sub-di-
vided: pooled (considered an inadequate approach
and therefore framed), grouped by K category
(K < 0.7 or ≥ 0.7) and, ultimately, selecting only
those individuals showing signs of a poor background
history but in good status currently (1999 and 2014)
(“trait-jumpers”), using once more K as reference
point (dos Santos Schmidt et al., 2017). Listed ex-
ternal stressors were in the above analyses proven to
act importantly as explanatory factors (cf. Table S7).
RFP,TL3: length-specific fecundity; ROD: daily oocyte
diameter growth rate; ODHO: final (hydrated) oocyte
diameter (assumed to reflect egg size).
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entirely unknown. However, dos Santos Schmidt et al. (2017) docu-
mented that poor feeding situations and low K as far back as 3–4 years
can cause the production of fewer oogonia (and thereby very small
number of oocytes recruited), which negatively affect the future re-
servoir of these primary oocytes cells. The trait-jumpers clearly fall into
the expected patterns outlined in the life-history literature of trade-offs
between fecundity and egg size, but also display anticipatory maternal
effects (Green, 2008; Marshall et al., 2018). We therefore conclude that
NSSH has developed a broad repertoire regarding reproductive trait
responses. Under good environmental conditions, NSSH produce many,
large eggs, emphasizing parental fitness, while under poor conditions,
the strategy is to emphasize offspring fitness by returning stronger later
producing fewer, but large eggs (Stearns, 1992).
Similar to previous studies (Bernardo, 1996; Green, 2008; Marshall
et al., 2018), we have shown, by using different approaches, that NSSH
present a suite of maternal (parental) effects. The results found here
should be of interest not only for academia but also for managers be-
cause strong links were detected between NSSH life-history trait ex-
pressions and population size; the latter is heavily influenced by the
implemented harvest rate (ICES, 2017). While the effect of a subset of
possible factors describing prey abundance, interspecific competition,
density-dependent effects, and climate change were investigated, other
factors may be better descriptors of the observed changes. Fishing
pressure, at any trophic level, may cause disturbances in top-down
processes (Casini et al., 2009) as well as evolutionary changes in life-
history (e.g. Enberg et al., 2012; Rijnsdorp et al., 2015; Jørgensen et al.,
2007). Moreover, juvenile NSSH inhabit the Barents Sea and thereby
experience different living conditions (e.g. Dolgov et al., 2011). Distinct
competition pressures that occur in the nursery area may subsequently
affect adult life history (Enberg et al., 2012). Therefore, future in-
vestigations should also address life-history dynamics of NSSH juve-
niles. Nevertheless, we have shown that highly sophisticated re-
productive trait responses exist in adult NSSH, ranging from immediate
to markedly lagged responses.
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